INTRODUCTION
A small number of plant genes have been identified that encode mRNAs specific to developing embryos, and among these are seed storage protein genes (reviewed in Goldberg, Barker, and Perez-Grau, 1989) . The abundance of seed proteins and their mRNAs makes them an excellent model system for the investigation of temporal and tissuespecific gene regulation in plants. Expression of genes encoding seed storage proteins has been studied in severa1 different monocot and dicot plant species. cis-Acting elements controlling seed-specific expression have been identified in maize zein (Schernthaner, Matzke, and Matzke, 1988) , wheat glutenin (Colot et al., 1987) , barley hordein (Marris et al., 1988) , oilseed rape napin (Radke et al., 1988) , soybean lectin (Okamuro, Jofuku, and Goldberg, 1986) and P-conglycinin (Chen, Pan, and Beachy, 1988) , and French bean 6-phaseolin (Bustos et al., 1989) genes. The functionality of most of these elements in transgenic tobacco suggests that the DNA sequences and transacting factors that control seed protein expression are phylogenetically conserved (Goldberg, Barker, and PerezGrau, 1989) . Gel mobility shift assays and, in some cases, ' Permanent address: Instituto de Recursos Naturales y Agrobiologia de1 Consejo Superior de lnvestigaciones Cientificas, Apar- tado No. 1052, 41080 Sevilla, Spain. * To whom correspondence should be addressed.
DNA footprinting experiments, have detected specific protein binding to these putative cis-acting regulatory elements. In maize, a DNA-binding protein was found that interacts with a 15-bp sequence motif conserved in all zein storage protein genes (Maier et ai., 1987) . A DNA-binding protein has been shown to interact with A/T-rich sequences upstream of soybean lectin and Kunitz trypsin inhibitor Ktil and Kti2 seed protein genes (Jofuku, Okamuro, and Goldberg, 1987) . In this latter case, the DNAbinding activity seems to be associated with the expression of a 60 kD protein during embryogenesis. In other examples, however, binding activities that are not tissuespecific have been described (Maier et al., 1988) .
Helianthinin is the major globulin storage protein of sunflower seeds. Synthesis of helianthinin mRNA is first detected 7 days post-flowering (DPF). Helianthinin transcripts accumulate to maximum levels approximately 12 DPF to 15 DPF and then disappear as the seed matures. Helianthinin mRNA is not detected in mature seeds or in germinated seedlings (Allen, Nessler, and Thomas, 1985; Allen et al., 1987) . To understand the control of helianthinin expression, we have started to identify putative cis-acting and trans-acting regulatory elements. In this paper, we describe the detection of sunflower nuclear proteins that bind to the upstream region of two helianthinin genes. DNA footprinting experiments showed that the binding sites for these proteins are located within Ar-rich sequences upstream of the gene promoters. The proteins were present in both embryonic and somatic tissues. Interestingly, binding competition experiments revealed that these proteins also bind to the French bean phaseolin and the carrot DcG3 genes, both of which also are expressed in plant embryos. A helianthinin 404-bp DNA sequence ensemble, including the detected nuclear protein binding site as well as other 5' sequences, was placed in both orientations immediately upstream of a chimeric gene composed of a truncated 35s promoter (Sanders et al., 1987 ) from cauliflower mosaic virus linked to a p-glucuronidase (GUS) reporter gene (Jefferson, Burgess, and Hirsch, 1986; Jefferson, Kavanagh, and Bevan, 1987) . We show that in transgenic tobacco these helianthinin sequences enhanced the expression of the GUS reporter gene in embryos. This result suggests that this sequence ensemble contains a cis-acting enhancer element that is recognized by tobacco trans-acting factors.
RESULTS

Sunflower Nuclear Proteins Bind to the Sequences of Two Helianthinin Gene Upstream Sequence Ensembles
Restriction maps for the 5' upstream regions of two sunflower helianthinin genes, HaG3A and HaG3D (Vonder Haar et al., 1988) , indicating the location of restriction fragments used in analysis of DNA-nuclear protein interactions, are shown in Figure 1 . Binding of nuclear proteins to the upstream region of HaG3D was analyzed by gel mobility shift assays (Fried and Crothers, 1981) . Crude nuclear extracts from immature sunflower embryos were incubated with end-labeled HaG3 DNA fragments. Formation of DNA-protein complexes was analyzed by electrophoresis in polyacrylamide gels. lncubation of the 404-bp Sall-Hpal fragment (D-404SHp) resulted in two complexes (I and II) with reduced electrophoretic mobility relative to the probe ( Figure 2B ). No such mobility shift was observed using the adjacent 471 -bp Hpal-Xhol fragment (D-471 HpX) under similar binding conditions (Figure 2A ), indicating that with the crude nuclear extracts and methods employed there are no detectable major nuclear protein binding sites in the proximal region of the HaG3 promoter complex. Proteinase K or heat treatment of the nuclear extracts abolished the observed binding activity (data not shown). Additional gel mobility shift experiments ( Figure 2C ) localized the detected binding site to a smaller Sall-Rsal dista1 fragment (D-l77SRs). The tissue specificity of the detected binding activity was investigated using this fragment ( Figure 2C ). lncubation of D-l77SRs with either sunflower embryo (lane 2) or hypocotyl (lane 3) nuclear extracts resulted in the detection of complex I. Complex II was undetectable with the maximum amount of hypocotyl From top to bottom, the sunflower helianthinin genes HaG3D and HaG3A, the French bean phaseolin gene, the carrot DcG3 gene, and the sunflower hydroxyproline-rich glycoprotein gene HaGX3. nuclear protein that could be added to the reactions without modifying the binding conditions ( Figure 2C, lane 3) .
The sequence specificity of the detected binding activity was investigated by competition experiments. Different unlabeled DNA restriction fragments were added to the binding reactions in moderate molar excesses, and the effects on binding were assessed by gel mobility shift experiments. As shown in Figure 38 , the addition of a 220-bp vector DNA fragment did not have any effect on the formation of complexes I and II (compare lanes 2 and 3). However, the addition of a similar molar excess of the unlabeled probe (D-404 SHp) considerably reduced binding to both complexes (compare lanes 5, 6, and 2). These results show that protein-DNA binding in complexes I and II is highly specific (see also below). Sequence analysis indicated a strong similarity (95% to 99%) between the fragment D-l77SRs and two restriction fragments, 177-bp Sall-Rsal (A-l77SRs), and 189-bp Ball-Rsal (A189BaRs), located upstream of the helianthinin HaG3A Reaction of sunflower embryo nuclear extracts with either A-177SRs (not shown) or A-189BaRs resulted in DNAprotein complexes of mobility similar to that of the complexes detected using the probe D-177SRs (compare panels C and D of Figure 3) . Furthermore, the fragment D177SRs competed for the binding of nuclear proteins to A-177SRS (not shown) and A-189BaRs ( Figure 3D , compare lanes 2, 3, and 5). These results indicate that the same (or very similar) nuclear proteins bind to the 5' upstream region of both helianthinin HaGSA and HaGSD gene promoters.
The position of the detected specific binding sites on the helianthinin upstream sequences was determined by in situ phenanthroline-copper ion footprinting. After incubation of the fragment D-177SRs (end-labeled on the coding or noncoding strand) with sunflower embryo or hypocotyl nuclear extracts, DNA-protein complexes were separated in polyacrylamide gels. The complexes were then footprinted within the gel matrix using the nuclease activity of 1,10-phenanthroline-copper (OP-Cu) ion (Kuwabara and Sigman, 1987) . OP-Cu-treated DNA purified from the bands corresponding to these complexes and to free DNA (e.g., I,II, and F in Figure 2C ) was run in sequencing gels together with Maxam and Gilbert ladders of the same fragment. Binding of sunflower embryo nuclear proteins in complex I resulted in an elaborate pattern of protection to OP-Cu on both strands of DNA (Figures 4A and 4B, compare lanes I and F) . The results of these experiments are summarized in Figure 4D . On the coding strand, protected regions to OP-Cu span between -702 and -650 (relative to the transcriptional start) and on the noncoding strand between -705 and -654. Very similar protection patterns were detected in complex II (using embryo extracts) or in complex I using hypocotyl extracts (data not shown).
Similar footprinting experiments performed with embryo nuclear extracts and the fragments A-177SRs (not shown) or A-189BaRs ( Figure 4C ), localized (on the noncoding strand) the binding sites in this fragment at -1463 to -1514 and -702 to -653, respectively. The sequences protected from OP-Cu in all the helianthinin binding sites are very similar. There is only a difference of one nucleotide (A for G at -1470) between the protected sequences in A-177SRs and those protected in D-177SRs. The sites in D-177SRs and A-189BaRs differ only by three nucleotides ( Figure 4D ).
The Sunflower Nuclear Proteins That Bind to Helianthinin Gene Upstream Sequences Also Bind to Other Embryo-Specific Plant Gene Promoters
Binding to other plant gene promoters of the detected sunflower nuclear proteins was investigated by gel mobility shift competition experiments. Phaseolin is the major seed storage protein in the French bean. Phaseolin and helianthinin genes are expressed with very similar developmental patterns (Alien, Nessler, and Thomas, 1985; SenguptaGopalan et al., 1985) . French bean nuclear proteins have been shown to bind to sequences located within an SsplDral upstream phaseolin restriction fragment (Bustos et al., 1989) . A DNA fragment (EP-103SsDr) containing these sequences competed for the binding of sunflower nuclear proteins to the helianthinin fragments D-404SHp ( Figure  3B , compare lanes 3 and 4), D-177SRs ( Figure 3C , compare lanes 3 and 4), and A-189BaRs ( Figure 3D , compare lanes 3 and 5). Incubation of the end-labeled phaseolin fragment EP-1 OSSsDr with sunflower embryo nuclear extracts resulted in two DNA-protein complexes of different mobilities (I', II', Figure 3A ). These complexes could be competed by an excess of unlabeled EP-1 OSSsDr (compare lanes 3 and 4) and to a lesser extent by a similar excess of the helianthinin fragment D-404SHp (compare lanes 2 to 5 and 6) but not by fragments from vector DNA (compare lanes 2 and 3). These results indicate that the tested helianthinin and phaseolin upstream DNA sequences bind the same (or very similar) sunflower nuclear proteins. From comparisons of the results of converse competition experiments ( Figures 3A and 3B ) and results of additional experiments comparing the effects of different amounts of competitor DNAs (data not shown), we estimated that the affinity of these proteins for the phaseolin sequences is about fourfold higher than their affinity for helianthinin sequences. We speculate that the apparent higher affinity of the sunflower nuclear factors for the phaseolin binding site is due to different flanking sequence contexts of the two probes used in these experiments. The position of the binding site for the sunflower proteins in the phaseolin upstream sequences was determined by OP-Cu footprinting experiments of complexes I' and II'. Protection from OP-Cu cleavage on both strands of DNA was very similar for either complex ( Figures 5A and 5B , compare lanes F, I', and II'). Complex I' showed a slightly extended protection in the 3' direction on the coding strand as compared with complex II' ( Figure 5A ). The results of these experiments are summarized in Figure 5C . On the coding strand, protection spans between -667 and -624; on the noncoding strand, sequences were protected between -671 and -627. Small regions within the binding site were found to be relatively exposed to OP-Cu. Comparison of the sequences protected from OP-Cu by the sunflower proteins in the helianthinin ( Figure 4D ) and phaseolin ( Figure 5C ) binding sites revealed much less similarity than the same comparison between the two helianthinin genes. All protected sequences were found to be very A+T-rich(80%to91%).
To test whether the sunflower nuclear proteins that bind to the phaseolin and helianthinin upstream sequences also bind to other classes of plant gene promoters, we performed competition experiments using different linearized B A T F Iff F AT FTH F plasmids as competitor DNAs. These plasmids contained, respectively (see Figure 1 and Methods for details), the promoter and sequences upstream from the cauliflower mosaic virus (CaMV) 35S gene; from DcG3, a carrot gene that is expressed during somatic embryogenesis (Wilde et al., 1988; Seffens et al., 1989) and from the sunflower HaGX3 gene, which encodes a hydroxyproline-rich glycoprotein expressed in somatic tissues in response to wounding (Adams et al., 1989) . Binding of sunflower embryo nuclear protein(s) to the helianthinin probe D-177SRs was challenged by adding equivalent amounts of plasmid DNA to the binding reactions. The ability of each plasmid to compete for protein-DNA binding was compared to that of vector DNA (pBS) and a plasmid (p103SD) containing the phaseolin sequences present in the fragment EP103SsDr. This fragment was shown in previous experiments (Figures 3 and 5) to bind the sunflower nuclear proteins that bind to the helianthinin genes. As shown in Figure 6 , moderate amounts of vector DNA (lanes 6 to 8) did not interfere with binding. However, similar amounts of p103SD competed efficiently for the formation of complexes I and II (lanes 9 to 11). These results parallel those obtained with purified restriction fragments as competitor DNAs ( Figures 3B, 3C , and 3D). The plasmid harboring upstream sequences from the DcG3 gene competed very efficiently for protein binding to the helianthinin probe (lanes 12 to 14); no competition was observed with the CaMV 35S sequences (lanes 3 to 5), and limited competition was observed using HaGXS (lanes 15 to 17). The helianthinin end-labeled DNA fragment D-177SRs was incubated with 4 ^g of sunflower embryo nuclear extract (lanes 2 to 17) or without protein (lane 1) in the presence of 0.1 /iQ (lanes 3, 6, 9, 12, and 15), 0.2 M g (lanes 4, 7, 10, 13, and 16), or 0.3 ^9 (lanes 5, 8,11, 14, and 17) of the linear plasmid competitor DNAs indicated at the top: CaMV 35S, pBI 220.5; pBS, pBluescript (KS + ); Phaseol., p103SD; Dc3, pDcG3-1.5PH; and HaGXS, pHaGX3F2 (see Methods for details).
A Helianthinin Upstream Sequence Ensemble Enhances B-Glucuronidase Expression from an Enhancerless 35s Promoter in Transgenic Tobacco Embryos
The detection of a helianthinin gene sequence ensemble containing binding sites for nuclear proteins that also bind to other embryo-specific plant genes prompted us to investigate possible regulatory function(s) of this region of the sunflower genome. This possibility was tested by studying the expression of chimeric P-glucuronidase genes in transgenic tobacco. The fragment D-404SHp was inserted (as shown in Figure 7D ) in both orientations upstream of an enhancerless CaMV 35s promoter/p-glucuronidase cassette (pBI 120, R. A. Jefferson, personal communication) . GUS expression was studied in transgenic tobacco plants containing the sequences in plasmids pBll20 (a negative control), pBI120-HaG3D(404SHp) N, or pBll20-HaG3D(404SHp) I (see Figure 7D ).
Very little GUS expression was detected in leaf, seed, or embryos in the four control plants harboring pB1120 (Table 1 and Figure 7A ). However, all these plants were Kan' and expressed the bacterial NPT II gene as determined by in situ assays in polyacrylamide gels (Reiss et al., 1984 ; data not shown). Eight plants (N1 to N8, Table  1 ) harboring pBI120-HaG3D(404SHp) N and expressing NPT II were studied. Six of them (N2 to N7) expressed high levels of GUS in seed as determined by fluorometric assays. GUS expression was undetectable in leaves of plants N2, N3, N4, and N6, and low (compared with expression in seed) in N5 and N7. Plants N1 and N8 failed to express significant levels of GUS activity in developing seeds and in leaves despite yielding positive results in in situ NPT II assays. Histochemical staining with 5-bromo-4-chloro-3-indolyl glucuronide localized GUS expression in the seeds of these plants to the embryo ( Figure 7B ). After overnight staining, GUS expression was uniform in plants expressing high levels of the reporter gene (e.g., N3, Figure pB1120 (1 to 4), N (1 to 8), and I (1 to 7) represent different transgenic plants harboring the constructs pBll20, pB1120-HaG3D(404SHp) N, and pB1120-HaG3D(404SHp) I, respectively (see text and Figure 7D ). The number of segregating loci of each GUS construct integrated into the genome of transgenic plants was estimated from segregation frequencies of the NPT II gene. GUS activities are the average of three to four independent determinations; the values in parentheses are + SE. Relative enhancements were calculated by comparing the activity observed in each plant to that of control (pB1120) plants showing similar segregation frequencies for the NPT II gene. An arbitrary value of 1 was assigned to the GUS activities of control plants. 7B). However, in other plants expressing lower levels, GUS expression was higher in the cotyledons, fading out toward the root tip of the embryo ( Figure 7C ). Very little expression of GUS was detected in the endosperm of these plants (data not shown). Similar studies of seven transgenic plants (11 to 17, Table 1 ) harboring pBI120-HaG3D(404SHp) I showed that four plants (11, 13, 14, and 17) expressed GUS. In three of them (13, 14, and 17), significant levels of GUS expression were detected predominantly in embryos (Table 1 and Figure 7C ). In plants 11 and 13, GUS expression also was detected in leaves. The plants 12,15, and 16 did not express GUS at significant levels in seeds or leaves when compared with the control plants.
The number of segregating loci of each construction integrated in the genome of the transgenic plants was estimated by studying the segregation of the Kan r phenotype in germination tests. Results of analysis of approximately 200 seeds for each plant (Table 1) were consistent with the presence of either a single segregating locus per haploid genome in most plants or of two loci in plants pBI120-4, N3, N4, N5, N7, and 11. GUS expression in plants N and I was compared with control plants (pBI120) of similar integrated gene copy number. As shown in Table  1 , enhancement of GUS expression in plants N and I was comparable (fivefold to 47-fold; average, 25-fold), indicating the functionality of the inserted helianthinin upstream sequences independent of the orientation of the 404-bp helianthinin upstream sequence element with respect to the 35S promoter. Relatively few of the transgenic plants (N5, N7, 11, and 13) showed significant levels of GUS expression in leaves (Table 1) .
DlSCUSSlON
Binding of Sunflower Nuclear Proteins to Sequences Upstream of Helianthinin and Other Embryo-Specific Plant Genes
1,l O-Phenanthroline-copper ion (OP-Cu) DNA footprinting has been used previously to localize the positions of binding sites for regulatory proteins in procaryotes (Kuwabara and Sigman, 1987) and animal cells (Kakkis and Calame, 1987) . In our efforts to localize binding sites for putative trans-acting factors for sunflower helianthinin genes, we have successfully applied this technique to two different helianthinin genes, HaG3A and HaG3D. The DNA sequences of these genes are very similar in their coding regions and up to 0.7 kb 5' of their transcriptional start sites diverging further upstream (Vonder Haar et al., 1988;  M. Bogue, R. Vonder Haar, M. Nuccio, L. Griffing, and T.
Thomas, manuscript in preparation). Three binding sites for the same apparent DNA-binding activities were detected upstream of helianthinin promoters, two of them on HaG3A and one on HaG3D (summarized in Figure 1 ). OPCu footprinting experiments located these sites on very similar A/T-rich sequences, respectively, from -1 463 to -1514 and -702 to -653 (HaG3A), and from -705 to -654 (HaG3D, Figure 4) . In these binding sites, sequences protected from OP-Cu span five to six full turns of the DNA double helix, suggesting binding of multiple proteins. Other A/T-rich binding sites for nuclear proteins in seedprotein gene upstream sequences have been found for soybean lectins (Jofuku, Okamuro, and Goldberg, 1987) . However, the binding sites in the helianthinin genes are located further upstream frorn the promoter and do not contain the sequences TTT(A/T)AAT found in the lectin binding sites. In addition, the DNA-binding activities described for soybean lectin genes are developmentally regulated (Jofuku, Okamuro, and Goldberg, 1987) , whereas the detected sunflower proteins are present in both embryo and somatic (hypocotyl) tissue (see Figure 2C) .
The role, if any, that these sunflower DNA-binding proteins may play in the regulation of helianthinin expression remains to be determined. Nevertheless, the results of competition experiments (Figures 3 and 6) showing that these proteins also bind other plant promoter upstream sequences suggest a possible functional involvement. Footprinting experiments located a binding site for the sunflower DNA-binding proteins from -671 to -627 upstream of the French bean phaseolin promoter ( Figure 5 ). The size of this site and its position relative to the phaseolin promoter are very similar to the helianthinin sites ( Figure  1) . Furthermore, French bean nuclear proteins (present in both cotyledons and hypocotyl) have been found to bind to the same upstream phaseolin DNA sequences, indicating that the detected binding activities are conserved between different plant species (Bustos et al., 1989) . Sequences within the phaseolin binding site have been shown to enhance expression of p-glucuronidase in developing transgenic tobacco seed. Additional competition experiments revealed that the sunflower nuclear proteins also bind to sequences upstream of the carrot DcG3 gene, which belongs to a different class of embryo-regulated genes (Dure et al., 1989; Seffens et al., 1989) but not to the cauliflower mosaic virus 35s gene promoter. Detection of binding of the same proteins to sequences upstream of HaGX3, a wound-inducible sunflower gene (Adams et al., 1989) , was less conclusive. Although we cannot rule out that these proteins bind HaGX3, the binding affinity must be substantially lower (Figure 6 ).
Comparison of sequences protected from OP-Cu in all the detected binding sites shows that phaseolin sequences are also A/T-rich but are not very similar to those of the three helianthinin binding sites. This result suggests that, rather than a particular nucleotide sequence, structural features characteristic of AJT-rich DNA sequences could be important for binding of the sunflower nuclear proteins. Similar loose sequence binding requirernents to A/T-rich DNA sequences have been described in animal cells for the high-mobility-group class of nuclear proteins (e.g., Solomon, Strauss, and Varshavsky, 1986; Wright and Dixon, 1988) . lnvolvement of these proteins in transcriptional regulation of eucaryotic genes has been demonstrated recently (Watt and Molloy, 1988; Yang-Yen and Rothblum, 1988) . We speculate that, similar to high-mobility-group-like proteins, the detected sunflower factors could have a general (direct or indirect) role in the regulation of transcription of different plant gene promoters. The presence of these proteins in somatic tissue and their binding to different promoters is consistent with the hypothesis that these proteins might contribute to the global activation of diverse plant genes; additional developmental control could be conferred by more specific positive or negative regulatory factors.
Enhancement of 0-Glucuronidase Expression in Transgenic Tobacco by a Helianthinin Upstream Sequence Ensemble
We have shown that a sunflower helianthinin sequence ensemble containing the detected nuclear protein binding sites as well as additional upstream sequences enhances expression of a reporter gene driven by a truncated CaMV 35s promoter in transgenic tobacco embryos (see Table  1 ). In six out of 1 O transgenic plants containing helianthinin-GUS chimeric genes and expressing GUS, significant levels of P-glucuronidase were detected primarily in seed (Table  1 , plants N2 to N4, N6, 14, and 17). In four plants (N5, N7, 11, and 13), GUS expression was also detected in leaf tissue, although at lower and more variable levels than in seed. It is unlikely that aberrant expression of the GUS reporter gene in the latter plants could be due to multiple copies of integrated chimeric genes since, in a11 plants, there are at most two segregating loci per haploid genome. A more likely explanation for the differences in enhancement levels between plants could be gene integration positional effects (Dean et ai., 1988; Deroles and Gardner, 1988) , variable physiological conditions, or the requirement of additional regulatory elements not included in the 404-bp helianthinin upstream element used in these experiments.
The helianthinin upstream regulatory sequences function independently of orientation when fused to the heterologous 35s promoter. These results are comparable with the characteristics described in transgenic tobacco for other plant gene upstream enhancer-like regulatory elements such as those of photoregulated pea rbcS (Timko et al., 1985) and the soybean p-conglycinin genes (Chen, Pan, and Beachy, 1988) . In this latter case, the enhancement levels, conferred to a different reporter gene (chloramphenicol acetyltransferase) driven by the 35s promoter, are comparable (25-fold to 40-fold) with those reported here for the helianthinin GUS chimeric genes. It is interesting to note that within tobacco seed, the helianthinin upstream sequences enhanced GUS expression primarily in the embryo (Figures 7B and 7C ). This spatial expression pattern corresponds to that observed for intact helianthinin genes in sunflower. In contrast, tobacco embryo proteins are expressed in both the embryo and in the endosperm. Although the question of temporal expression control is not addressed in this report, we observed that, in general, GUS expression increased with maturation of transgenic tobacco seed.
We conclude that DNA sequences sufficient for reproducible enhancement of GUS expression in embryos of transgenic tobacco are present in the 404-bp Sall-Hpal fragment located 322 bp upstream of the helianthinin HaG3D gene. Although this region contains a nuclear protein binding site, we have no evidence that nuclear protein interactions with this binding site contribute to the enhancement activity of the 404-bp DNA sequence ensemble. Furthermore, we cannot rule out the existence of additional regulatory elements within or outside the studied upstream sequence ensemble that may be required for precise quantitative and temporal expression of helianthinin, particularly since the helianthinin A gene contains two nuclear protein binding sites, whereas the helianthinin D gene contains only one. In addition, our results demonstrate that cellular components are present in tobacco embryos that recognize cis-acting regulatory elements located upstream of helianthinin genes. The fidelity of chimeric helianthinin gene expression in tobacco makes possible further characterization of the detected cis-acting and trans-acting control elements by analysis of deletion and substitution mutants in transgenic plants. This approach will allow the identification of individual components in the control mechanisms that might include positive or negative regulatory elements or a combination of both (e.g., Kuhlemeier et ai., 1987; Castresana et ai., 1988) .
METHODS
Plasmids, Probes, and Competitor DNAs for Protein Binding Assays
Recombinant plasmids, DNA restriction fragments, and 3*P-labeled DNA probes were produced using standard techniques described by Maniatis, Fritsch, and Sambrook (1 982) . Detailed descriptions of the preparation of specific probes and competitors are described below.
HaG3D
The 875-bp Sal1 Sal I-Xhol fragment from HaG3D ( Figure 1 ) was cloned in pBluescript (pBS) KS' (Stratagene), resulting in the plasmid pHaG3D-O.9SX. To obtain the labeled fragments D-471 HpX,D-404SHp, and D-l77SRs, pHaG3D-O.9SX DNA was digested first with Xhol or EcoRl (adjacent to Sal1 in the vector polylinker) and end-labeled (on the noncoding strand) with the Klenow fragment of DNA polymerase I and ~~-~*P-labeled deoxynucleotide triphosphates. Plasmid DNA labeled at the Xhol site was subsequently digested with Hpal. Plasmid DNA labeled at the EcoRl (Sall) site was digested with either Rsal or Hpal. To end-label the coding strand of the sequences in the fragment D177SRs, the EcoRl (Sall)-Rsal fragment from pHaG3D-O.9SX was cloned into the EcoRl and Smal sites of pBS, generating pHaG3D-O. 18SRs. DNA from this plasmid was linearized with BamHl (adjacent to the Smal/Rsal junction), end-labeled with the Klenow fragment of DNA polymerase I, and digested with Sall. All DNA fragments were separated by polyacrylamide gel electrophoresis, recovered by electroelution into dialysis tubing, and purified by phenol extraction and ethanol precipitation. For competition experiments, unlabeled restriction fragments were prepared as described above without Klenow treatment. lndicated probe sizes do not include polylinker sequences of vector DNA.
HaG3A
The 1.7-kb Sall-Xhol fragment from HaG3A (Figure 1 ) was cloned into pBS, generating the plasmid pHaG3A-1.7SX. HaG3A sequences upstream of the Ball (-746) site were deleted by digestion of pHaG3A-1.7SX DNA with Ball and Smal followed by religation, resulting in the plasmid pHaG3A-O.9BaX. The fragments A-1 77SRs and A-1 89BaRs were obtained, respectively, from pHaG3A-l.7SX or pHaG3A-O.9BaX by digestion with EcoRl (adjacent to Sal1 or Ball in the plasmid polylinker) and Rsal. These fragments were end-labeled at the EcoRl site of pBS (on the noncoding strand of DNA) as described before.
Phaseolin, DcG3, HaGX3, and CaMV 35s pl03SD contains phaseolin upstream sequences between Sspl (-695) and Dral (-593) (Figure l) , cloned into the Smal site of pUC18 (Bustos et al., 1989) . Digestion of pl03SD DNA with EcoRl or BamHI, followed by end-labeling with Klenow, and subsequent digestion with Pvull, yielded the fragments EP103SsDr (247 bp) and BP-l03SsDR (302 bp), which are labeled, respectively, on the coding and noncoding strands of DNA. For competition experiments, a smaller 178-bp unlabeled EcoRI-Pvull fragment of vector DNA (EP-178) was also purified. The 1.5-kb Pstl-Hindlll fragment from DcG3 and the 1-kb Sau3A I fragment from HaGX3 ( Figure 1) were cloned into the Pstl and Hindlll or the BamHl sites of pBS, generating the plasmids pDcG3-l.5PH and pHaGX3F-2, respectively (H. Fu and C. Adams, personal communication). pBI 220.5 is a derivative of pB1220, which contains a 300-bp CaMV 35s promoter (M. Bevan and R. Jefferson, personal communication) . For competition experiments using Iinearized plasmids, DNA was digested with EcoRl (pBS, pl03SD, and pHaGX3F-2) or Hindlll (pDcG3-l.5PH and pBI 220.5), phenolextracted, and ethanol-precipitated.
Preparation of Nuclear Extracts
Nuclear extracts were prepared from 13 DPF sunflower embryos or 6-day-old seedling hypocotyls by a modification of the method described by Jensen et al. (1988) . Plant material was frozen in liquid nitrogen and stored at -8OOC until extracted. All operations were performed at 4OC. Frozen tissue was homogenized with a mortar and pestle in the presence of liquid nitrogen and resuspended at approximately 2 g of tissue/mL in 10 mM NaCI, 10 mM Mes (pH 6.0), 5 mM EDTA, 0.15 mM spermine, 0.5 mM spermidine, 20 mM 0-mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 0.6% Triton X-100, and 0.25 M sucrose (buffer A). The homogenate was filtered twice through Miracloth and centrifuged for 10 min at 20009. The crude nuclear pellet was washed once in buffer A, resuspended in 0.5 mL to 1 mL of extraction buffer [20 mM Hepes (pH 7.9), 25% glycerol, 420 mM NaCI, 1.5 mM MgCI,, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT] and homogenized (10 strokes) in a Dounce homogenizer using a "B" pestle. The mixture was incubated for 1 hr to 2 hr, and nuclear debris was removed by centrifugation for 15 min at 15,OOOg. Extracts containing nuclear proteins were dialyzed for 2 hr against 50 volumes of 20 mM Hepes (pH 7.9). 20% glycerol, 0.1 M KCI, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT. Aliquots were frozen and stored at -8OOC. Protein concentrations were measured by the method of Bradford (1 976).
Gel Mobility Shift Assays, Competition Experiments, and OPCu Footprinting
End-labeled DNA fragments (approximately 0.1 ng, 6000 cpm) were incubated with 2 pg to 15 pg nuclear extract protein and 1.5 Gg of poly(d1-dC) poly(d1-dC) (Pharmacia LKB Biotechnology). Binding reactions were carried out for 15 min at 25OC in 20 p L of 10 mM Tris-HCI (pH 7 3 , 1 mM EDTA, 0.4 mM DTT, and 5% glycerol. For competition experiments, binding reactions also included 30 ng of each purified unlabeled restriction fragment or 0.1 pg to 0.3 pg of linearized plasmid DNA. All DNAs were mixed together prior to the addition of nuclear extracts that initiated reactions. After binding, reaction products were separated by electrophoresis in 5% polyacrylamide gels containing 1 x TBE (Maniatis, Fritsch, and Sambrook, 1982) at room temperature. Gels were dried onto 3MM paper and autoradiographed.
For footprinting experiments, binding reactions were scaled up to a final volume of 50 pL; 1 ng to 2 ng end-labeled DNA fragment was incubated with 10 Mg to 40 pg of nuclear extract protein in the conditions described above. After separation of DNA-protein complexes in preparative 5% polyacrylamide gels, gels were treated for 15 min at 25OC with OP-Cu as described by Kubawara and Sigman (1987) . After autoradiography of the wet gels, the bands of interest were excised, and chemically modified DNA was eluted overnight at 37°C in 0.5 M ammonium acetate and 1 mM EDTA. Eluted DNA was extracted twice with phenol-chloroformisoamylalcohol, ethanol-precipitated, washed with 70% ethanol, and resuspended in 80% (v/v) formamide, 10 mM NaOH, 1 mM EDTA, 0.1 O/O bromphenol blue, and 0.1 O/O xylene cyanol. Samples were then analyzed in 6% sequencing gels along with Maxam and Gilbert (1980) sequence ladders prepared from the same endlabeled fragments. Lanes were loaded with equal amounts of radioactivity (2000 cpm to 6000 cpm).
Chimeric GUS Constructions and Production of Transgenic Plants
Plasmids pBI120-HaG3D(404SHp) N and pBI120-HaG3D-(404SHp) I were constructed by blunt-end ligation (in both orientations) of a 404-bp Smal-Hpal DNA fragment from pHaG3D-0.9SX into the Smal site of pB112O.x. This latter plasmid is a derivative of pB1121 (Jefferson, Kavanagh, and Bevan, 1987 ) that contains a truncated (at the EcoRV site) CaMV 35s promoter retaining its CAAT and TATA boxes (R. Jefferson, personal communication). The inserted DNA fragment contains HaG3D sequences between Sal1 (-725) and Hpal (-322), anu 36 nucleotides of the pBS (KS') polylinker between Smal and Sall. The orientation of the insert with respect to the 35s promoter was determined by restriction digestion and sequencing of plasmid DNA using a GUS primer. These constructs and pBI 12O.x (used as a negative control) were conjugated into Agrobacterium tumefaciens strain LBA 4404 (Hoekema et al., 1983) by triparental mating (Matzke and Matzke, 1986) . Transformation of tobacco leaves was carried out as described (Horsch et al., 1985) . Transformed shoots were selected after rooting in MS medium containing kanamycin sulfate (100 pg/mL), assayed for expression of NPT II (Reiss et al., 1984) , and transferred to soil. Transgenic plants were self-pollinated.
Fluorometric GUS Assays
Groups of 50 to 70 mature seeds or 1 cm2 (1 O0 mg) of young leaf tissue, collected once the plants had been transferred to soil and 30 days prior to flowering, were ground on ice in 400 pL of lysis buffer (Jefferson, Kavanagh, and Bevan, 1987) . Samples were centrifuged and the supernatants collected in microcentrifuge tubes. Extract protein concentrations were determined by the method of Bradford (1 976). Fluorogenic reactions were carried out for 1 hr at 37°C in 200 pL of lysis buffer with 1 mM 4-methylumbelliferyl-P-o-glucuronide. Reactions typically contained 0.10 mg to 0.15 mg of seed or 0.4 mg to 1.0 rng of leaf extract protein. After stopping reactions with 0.8 mL of 0.2 M Na2C03, fluorescence of the 4-methylumbelliferone product was determined in a Hoeffer TKO-100 minifluorometer as described (Jefferson, 1987) .
Histochemical Assays
Coatless seeds or whole embryos dissected from transgenic tobacco seed were incubated for 16 hr at 37OC in 1 O0 pL of 50 mM NaP04 (pH 7.0), 2 mM 5-bromo-4-chloro-3-indolyl glucuronide, 0.1 mM potassium ferricyanide, and 0.1 mM potassium ferrocyanide. Afler staining, samples were mounted in 80°/o glycerol for light microscopy.
